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1. Introduction
Contemporary climate change makes our society address several questions arising
from the high uncertainty of climatic, economic and social effects of the phenomenon.
From a scientific point of view, it is still under intense debate how the climate system
reacts to anthropogenic forcing particularly induced by greenhouse gas emissions.
Recent global trends (Pachauri et al., 2014) show accelerating surface warming,
however, the magnitude of surface temperature change shows regional differences.
Polar regions are of particular interest, since both observed and predicted
surface temperature increase is enhanced in these areas (Serreze and Barry, 2011;
Smith et al., 2019). For example, the observed zonal average warming in the Arctic
is more than twice as large as in midlatitude areas and more than three times large
as in tropical regions based on the National Aeronautics and Space Administration
Goddard Institute for Space Sciences (NASA GISS) temperature analysis between
1970 and 2019 (Appendix A). Therefore, the phenomenon is often referred as polar
amplification, since polar areas experience excessive surface temperature increase
resulting in severe feedback mechanisms not only in the climate system, but also in
the ecosystem (Post et al., 2013). Polar amplification is also a significant feature
of CMIP5 ensemble global climate model projections for the future (Smith et al.,
2019), especially those experiments which were run under high emission scenarios
(e.g. RCP 8.5). Thus, in the future polar warming is expected to continue and
become even stronger (Pachauri et al., 2014).
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The Polar Amplification Model Intercomparison Project (PAMIP) within the
6th Coupled Model Intercomparison Project (CMIP6) is currently seeking for an-
swers for the causes and effects of polar amplification by systematic climate model
experimental design (Smith et al., 2019). Here, it is worth emphasizing that not only
the causes but also the consequences of polar amplification are still highly uncertain,
especially in terms of atmospheric general circulation response.
To understand the alterations in the atmosphere, it is recommended to carry
out climate simulations with full Atmospheric General Circulation Models (AGCMs)
including complex orography, and simulations under idealized set-ups. The aqua
planet framework proposed by Neale and Hoskins (2000) is an example of the latter
one which can be used as a benchmark for AGCMs (Blackburn and Hoskins, 2013).
Aqua planet models lie between complex AGCMs and less complex idealized moist
core models in the modelling hierarchy proposed by Blackburn and Hoskins (2013).
Aqua planet models simulate atmospheric processes on an idealised water-covered
Earth including interactions with latent heat, clouds and radiative feedbacks under
simplified surface boundary conditions (i.e. in the absence of continents) (Shaw
et al., 2016). Furthermore, aqua planet models are able to reflect the circulation
response (e.g. Hadley circulation response, extratropical storm track response) to
changes in sea surface temperature (SST) gradients (Blackburn and Hoskins, 2013;
Shaw et al., 2016).
As it was mentioned earlier, currently it is under debate how the atmospheric
general circulation reacts to polar amplification including changes in meridional en-
ergy transport (Smith et al., 2019). It is known that atmospheric meridional energy
transport is driven by the differences in net radiative energy between the tropics
and the poles (Hartmann, 2016). By polar amplification, there are two opposing
mechanisms which affect meridional energy transport. If surface temperature in-
creases in polar areas, the Equator-to-Pole temperature gradient decreases which
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reduces atmospheric dry energy transport. On the other hand, atmospheric mois-
ture transport is expected to increase by polar warming, which offsets the effect of
the meridional temperature gradient, since it strengthens latent energy transport
(Manabe and Wetherald, 1980; Hwang et al., 2011). In addition, it is also unknown
how midlatitude eddies adjust to polar amplification regarding eddy heat flux and
eddy kinetic energy (Yuval and Kaspi, 2020). Therefore, it is worth studying the
above mentioned processes through different model configurations.
For this study, an AGCM (i.e. OpenIFS, for details see Section 3.1) configured
as an aqua planet was used to study the atmospheric circulation response to polar
SST increase in terms of energy transport. The aims of this thesis are the following:
• to quantify how the zonal and time mean temperature, zonal wind, meridional
wind, specific humidity and mass stream function reacts to polar amplification
on an aqua planet,
• to inspect how atmospheric meridional energy transport reacts to polar ampli-
fication on an aqua planet by i) quantifying the zonal and time mean vertical
integrals of meridional energy transport of total atmospheric energy, sensible
heat, latent energy, potential energy and kinetic energy and by ii) quanti-
fying the contribution of mean meridional circulation, transient eddies and
stationary eddies to zonal and time mean vertical integrals of meridional total
atmospheric energy transport, sensible heat transport, latent energy transport,
potential energy transport and kinetic energy transport.
2. Background
2.1 Overview of atmospheric general circulation
The general circulation of the atmosphere is a global system of atmospheric motions
which is primarily driven by the uneven distribution of solar energy between different
latitudes. It is largely responsible for transporting heat and moisture from tropical
regions towards the poles and it also induces ocean circulation by surface wind
stress (Hartmann, 2016). It is worth emphasizing that poleward energy transport
is a general feature of the general circulation. Changes in the mean state of the
atmosphere could result in dramatic changes in the circulation system (Yuval and
Kaspi, 2020). In this section basic features of the general circulation are summarized
with special focus on the zonal-mean circulation and the eddy circulation.
2.1.1 Observed mean state of the atmosphere
This section includes basic statistics of atmospheric variables derived from observa-
tions based on the works of Oort and Rasmusson (1970); Peixoto and Oort (1992).
The figures used for representing the basic atmospheric state are obtained from
ERA-40 reanalysis database (ERA-40 Atlas, n.d.).
The temperature distribution is considered being a fundamental property of
the atmosphere, since it reflects the wind structure and the thermodynamic state
of the atmosphere (Peixoto and Oort, 1992). Fig. 2.1 illustrates the annual mean
4
2.1. OVERVIEW OF ATMOSPHERIC GENERAL CIRCULATION 5
Figure 2.1: Zonal-mean cross section of annual mean temperature (K) in sigma (σ) coordinates
from ERA-40 database. The red line illustrates the tropopause. Figure adopted from O’Gorman
(n.d.).
temperature distribution as a function of latitude and altitude. According to Fig.
2.1, time averaged tropospheric temperature decreases with height and with latitude.
In addition, the largest meridional temperature gradient occurs in midlatitudes in
the middle troposphere (700 hPa/0.7σ). The height of the tropopause falls towards
higher latitudes (see red line on Fig. 2.1). In the lower stratosphere the temperature
gradient is reversed, because the lowest temperatures are observed over the tropics
as a result of high tropopause height. Lower-tropospheric meridional temperature
gradient is of interest, because it is associated with the strength of zonal mean
flow and baroclinity. It has also a major effect on the intensity of poleward energy
transport.
The temperature variability can be analysed in space and time. Time vari-
ations on a timescale of days to some weeks are mainly associated with transient
eddies (for details see Section 2.1.4). As an example, Fig. 7.9b from Peixoto and
Oort (1992) showing the day-to-day standard deviation of temperature reveals that
temperature variations are predominant in midlatitude regions. Similarly, the east-
west standard deviation of temperature (Fig. 7.9c from Peixoto and Oort (1992))
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Figure 2.2: Zonal mean cross-section of annual mean u-wind (m s−1) from ERA-40 (ERA-40
Atlas, n.d.).
peaks at midlatitude regions associated with standing waves (for details see Section
2.1.5). The smallness of the Coriolis parameter in tropical areas renders temperature
variations minor.
The zonal mean zonal wind field (u component of the wind), that is demon-
strated by Fig. 2.2, is closely related to the global temperature distribution. Surface
winds tend to be westerly in midlatitudes and easterly in the tropics satisfying angu-
lar momentum balance of the Earth (Oort and Peixóto, 1983). Westerly winds reach
their maxima close to the tropopause at 35°. These circumpolar winds are generally
referred as subtropical jet streams, which are resulted from the effect of conservation
of angular momentum and thermal wind law. Thermal wind law (Eq. 2.1) states
that vertical wind shear (∂ug/∂p) is a function of meridional temperature gradient
(∂T/∂y). In Eq. 2.1 ug, Rd, f0, p and T denotes the zonal geostrophic wind, the
gas constant for dry air, the Coriolis parameter, the pressure and the temperature









Variations in the zonal mean circulation are also important to point out since
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they reflect the atmospheric eddy activity. The corresponding figures describing
this phenomenon are Fig. 7.20b and Fig. 7.20d from Peixoto and Oort (1992).
Temporal zonal wind variations on a daily timescale are similar to temperature
variability having a maximum at 50°. Meridional variations in the zonal wind has
smaller magnitude and has local maximum values in midlatitude areas associated
with standing waves and the jet streams (i.e. subtropical and polar jet stream).
2.1.2 Decomposition of atmospheric circulation
As it was highlighted in the previous section, meteorological fields that describe the
state of the atmosphere change substantially both in time and space. Therefore,
it is convenient to define statistics concerning variations in space, in time and in
space-time domain. The following decomposition approach is based on Peixoto and





where [s] denotes the zonal mean of variable s over a latitude circle and λ stands
for longitude. The deviation from zonal mean of variable s (s∗) is shown by Eq. 2.3.
It is clear, that the sum of zonal mean and the deviation from zonal mean gives the
total quantity of s.
s∗ = s− [s] (2.3)
The same approach can be obtained in time. Eq. 2.4 denotes for the time mean of






The deviation from time mean (s′, Eq. 2.5) is obtained in a similar way as s∗.
s′ = s− s̄ (2.5)
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Combining space and time equations (Eq. 2.3 and Eq. 2.5) one can prove that
variable s corresponds to the sum of zonal and time mean of s ([s̄]), the zonal
deviation from time mean of s (s̄∗) and the deviation from time mean of s (s′)
shown by Eq. 2.6.
s = [s̄] + s̄∗ + s′ (2.6)
By studying the atmospheric general circulation, we are interested in the variance of
one variable and the covariance of different variables. Eq. 2.7 and Eq. 2.8. gives the
time variance of variable s and the time covariance of variables s and q respectively.










(s− s̄) (q − q̄) dt (2.8)
The zonal and time mean product of variable s and q ([sq]) is given by Eq. 2.9,
where the different terms on the right-hand side (RHS) represent the mean merid-
ional circulation, the effect of stationary eddies and the effect of transient eddies
respectively.





The subsequent sections give deeper analysis of the above mentioned circulation
elements.
2.1.3 Mean meridional circulation
The mean meridional circulation (shortly MMC) consists of the zonal and time mean
meridional and vertical wind ([v̄] and [ω̄] respectively). Their combined effect can
be described by the mass stream function (ψ, Eq. 2.10) which gives the northward
mass flux (in kg s−1) above a selected pressure level (p) (Hartmann, 2016).
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In Eq. 2.10 g and φ stands for the gravity constant and latitude respectively. The
mean meridional wind is proportional to the vertical gradient of the mass stream
function (Eq. 2.11) and the mean vertical wind is proportional to the latitudinal
changes of the mass stream function (Eq. 2.12).








The vertical cross-section of the annual mass stream function is apparent from Fig.
2.3, where the three-cell regime of the MMC is clearly visible. The figure also
reveals that the observed circulation is approximately symmetric about the equator
in terms of annual mean, however, the mean ascent associated with the ITCZ (i.e.
Intertropical Convergence Zone) is slightly shifted to north. By eliminating the
effects of land-ocean distribution (i.e. circulation on an aqua planet) the MMC
would be closer to symmetry between the two hemispheres. The strongest meridional
overturning occurs in the tropical Hadley cell (0-35°) which is a thermodynamically
direct circulation: warm air transported by the surface trade winds rises at the
equator and cold air sinks at the subtropics as part of the compensating subsidence
(Hartmann, 2016). The Ferrel cell (35-65°) shows a moderate meridional overturning
with half of the strength of the Hadley cell. The Ferrel cell, which is generated
by midlatitude eddies (Holton, 1973) is a thermodynamically indirect circulation,
since warm air sinks at the subtropics and cold air rises at the edge of polar areas.
The thermodynamically direct polar cell shows a very weak meridional mass flux
compared to the Hadley cell. The mean meridional circulation is an important
component of the atmospheric circulation, however, the role of eddies in midlatitude
regions surpasses the effect of MMC. The description of eddies is outlined in the
following sections.
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Figure 2.3: Mass stream function for the annual mean based on ERA-40 reanalysis (ERA-40
Atlas, n.d.).
2.1.4 Transient eddies
Stemming from the temporal variations of the flow, transient eddy fluxes are as-
sociated with eastward moving weather disturbances which are clearly visible on
weather charts (Hartmann, 2016). These disturbances are caused and maintained
by baroclinic instability, which is due to the existence of the low-level temperature
gradient (Holton, 1973). The structure of eddies gives evidence of positive corre-
lation between meridional velocity (v), temperature (T ) and specific humidity (q)
fluctuations. Since the geopotential height (Z) wave is located downstream of the
temperature (T ) wave, eddy heat flux ([T ∗v∗]) and moisture flux ([q∗v∗]) are pos-
itive. 1 This can be followed by Fig. 2.4 which displays the typical structure of
midlatitude waves (in the Northern Hemisphere) showing the Z field (corresponding
to streamlines of the geostrophic wind) and the T field. It is apparent, that warm
air advection (T ∗ > 0) is associated with northward flow (v∗ > 0) and cold air
1Note that moisture field tend to follow the temperature field. Also note that s∗v∗ here means
the total eddy flux of variable s.
2.1. OVERVIEW OF ATMOSPHERIC GENERAL CIRCULATION 11
advection (T ∗ < 0) is associated with southerly flow (v∗ < 0) resulting in a decrease
in the heat difference between the poles and the tropics.
Figure 2.4: Schematic of the structure of midlatitude baroclinic waves on a horizontal plane
(λ, φ). Solid and dashed lines show the geopotential and the temperature wave respectively.
Coloured patches show areas of warm (red) and cold air (blue). Below, temperature (T ) and
meridional wind (v) tendencies are displayed. Based on Hartmann (2016).
2.1.5 Stationary eddies
Stationary eddies (or standing waves) are associated with the longitudinal varia-
tion of the time averaged flow. In other words, these patterns refer to the depar-
ture of time average from zonal symmetry (Hartmann, 2016). The most important
wave type in terms of driving large-scale meteorological processes is called plane-
tary Rossby-wave which is a potential vorticity conserving motion stemming from
the so-called β-effect. The β-effect is the variation of Coriolis parameter with lat-
itude (Holton, 1973). Planetary waves can be generated by topographic forcing of
large mountain ridges or by longitudinally dependent diabatic heating (e.g. West
Pacific Warm Pool) (Holton, 1973). The latter can result from the irregular distri-
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bution of continents and oceans, or from thermal contrasts between warm and cold
ocean waters (Hartmann, 2016). Stationary waves play a major role in controlling
weather in midlatitudes and contributing to meridional energy transport. They tend
to act against the imbalance of heat arising from the insolation differences between
latitudes by forcing cold, surface polar air to move equatorward and warm tropical
air to move poleward (Oliver, 2008). They have maximum heat transport in low
levels, since the phase difference between pressure and temperature are largest in
lower levels (see Fig. 2.4 for a typical midlatitude wave pattern; Hartmann (2016)).
Ideally, in aqua planet simulations stationary eddies do not appear since the
forcing factors are missing (i.e. orography, land-sea distribution) (Feldl et al., 2017).
2.2 Energy in the atmosphere
2.2.1 Forms of atmospheric energy
The atmosphere contains different amount of energy in different forms, namely in-
ternal energy (Eq. 2.13), potential energy (Eq. 2.14), latent energy (Eq. 2.15) and
kinetic energy (Eq. 2.16).
Eint = CvT (2.13)
Epot = gZ (2.14)
Ew = Lq (2.15)











In equations 2.13-2.16 Cv refers to atmospheric specific heat at constant volume
(J kg−1 K−1), g is gravitational acceleration (m s−2), L is latent heat for vaporiza-
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tion (J kg−1) and w is the vertical wind (m s−1). Note that k denotes for kinetic
energy
In the equation of meridional atmospheric energy transport (Eq. 2.18 in the
next section) atmospheric entalphy is used as representing sensible heat (instead of
internal energy). The expression for atmospheric entalphy is shown by Eq. 2.17
where Cp refers to isobaric atmospheric specific heat (J kg−1 K−1).
EP+ = CpT (2.17)
Atmospheric enthalpy can be generated by diabatic heating (i.e. by radiation, con-
densation heating, sensible heat flux, etc.). Latent energy is usually formed by
evaporation and lost by condensation. Kinetic energy is created from available po-
tential energy for instance when warm air ascends and cold air sinks (i.e. Hadley
circulation, midlatitude eddies) and it is lost by frictional dissipation. The most
important forms of energy are internal, potential and latent energy contributing to
70.4%, 27.1% and 2.5% to the total energy respectively (Oort and Peixóto, 1983).
The contribution of kinetic energy to total atmospheric energy is small compared to
the other energy forms, however, kinetic energy is crucial for atmospheric circulation
and energy redistribution (Oort, 1971; Oort and Peixóto, 1983; Peixoto and Oort,
1992). Energy transfer between the various forms occurs constantly in the atmo-
sphere. Furthermore, energy is continuously transported between different latitudes
by different transport modes (i.e. mean meridional circulation and eddies) on aver-
age from the tropics towards the poles which is the main topic of the consecutive
section.
2.2.2 Atmospheric energy transport
Energy transport in the globe takes place both in horizontal and in vertical direction.
Energy transport is carried out by atmospheric and oceanic motions. Fundamen-
tally, the atmospheric component exceeds oceanic energy transport. Meridional
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energy transport is of particular interest, since it is responsible for balancing the
net incoming energy differences between low and high latitudes. Total meridional
atmospheric energy transport includes fluxes of sensible heat, latent heat, potential
energy and kinetic energy. Zonal mean vertically integrated total energy transport
(Fig.13.11a from (Peixoto and Oort, 1992)) is poleward everywhere on the planet
having a maximum at 60°N. Peak season of total energy transport are winter months
on each hemisphere. Vertically integrated sensible and latent heat transport is pri-
marily determined by the direction of surface winds, since they have maximum in
the lower troposhere. Vertically integrated potential energy transport is concen-
trated in the upper troposphere and its sign is reversed compared to the flow of
sensible heat. Predominantly, the mean meridional circulation is the most impor-
tant transport mode of potential energy. Kinetic energy is essentially located in the
higher troposphere due to higher wind velocities and it is mostly driven by the mean
meridional circulation and transient eddies (Peixoto and Oort, 1992).
Decomposition of meridional energy transport
Atmospheric meridional energy transport encompasses all energy forms shown ear-
lier and it can be decomposed into the contributions of mean meridional circulation
(MMC), stationary eddies (SE) and transient eddies (TE). The total meridional
energy flux across a latitude is presented by Eq. 2.18 together with the energy com-
ponents decomposed into the above mentioned three circulation components (i.e.
terms in the square bracket). The presented approach is equivalent with the work
of Oort and Peixoto (1983) where they investigated the conditions for global en-
ergy balance. Note, that meridional energy transport at a specific latitude circle
(φ) is the vertically integrated energy flux throughout the whole atmosphere com-
posed of sensible heat (CpT ), potential energy (gZ), latent heat (Lq) and kinetic
energy transport (k). In Eq. 2.18, F̄ represents the mean energy flux at a latitude
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circle, a is the Earth’s radius and the integral represents the vertically integrated
total atmospheric energy flux. In Eq. 2.18 LHS (left hand side) shows the total
meridional energy transport which is decomposed into the energy flux by the mean
meridional circulation (F̄ (MMC)), by transient eddies (F̄ (TE)) and by station-
ary eddies (F̄ (SE)). The components of the energy transport (i.e. the squared
bracket in Eq. 2.18) is highlighted and decomposed into the contribution of the
above mentioned circulation components expressed in the curly brackets. The de-
tailed derivation of this formula can be found in Peixoto and Oort (1992), Chapter
13.




v (CpT + gZ + Lq + k)
] dp
g
= F̄ (MMC)+ F̄ (TE)+ F̄ (SE)
[















































Observed decomposed meridional energy transport
Total atmospheric energy content peaking at low latitudes stimulates poleward en-
ergy transport. However, the sign and the quantity of meridional energy transport
varies considerably between the different circulation components and between the
different energy forms as well. In the subsequent paragraphs energy transport by
the mean meridional circulation and eddies is written in detail which is followed by
a brief summary. The corresponding figures revealing the decomposed meridional
energy transport are Fig.13.5-13.9 from Peixoto and Oort (1992).
The mean meridional circulation (first curly bracket RHS in Eq. 2.18) trans-
ports energy by a three-cell regime in both hemispheres having maximum transport
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in the Hadley cell. The tropical Hadley cell transports sensible and latent heat
towards the equator and it transports potential energy towards the poles. In the
rising branch close to the equator heat is converted to potential energy and air cools
(Oort, 1971). Here condensational heating by Cumulus towers is balanced by adia-
batic cooling (Webster, 2004). In the upper flow, potential energy is displaced to the
subtropics where this relatively cold air becomes warm again by the sinking branch
of the Hadley cell (i.e. adiabatic warming). In this sense, potential energy is con-
verted back to internal energy. This cycle cools the atmosphere close to the equator
and warms it at the subtropics leading to more significant meridional temperature
gradient in midlatitude areas (Oort, 1971; Webster, 2004). In the indirect Ferrel
cell, sensible and latent heat is transported towards the poles by the northwesterly
mean surface winds and potential energy is transported towards lower latitudes by
the upper branch of the cell. Kinetic energy transport by the MMC is a function of
the mean wind in the upper troposhere. Convergence of mean kinetic energy occurs
at regions where subtropical jets are located (30°) having poleward flux by the upper
branch of the Hadley cell and equatorward flux by the upper branch of the Ferrel
cell. The polar cell has similar energy transport pattern to the Hadley cell, however,
the fluxes are quite modest (Oort, 1971; Oort and Peixóto, 1983; Hartmann, 2016).
Eddies receiving their energy from the mean flow transport massive amounts
of energy poleward (Holton, 1973; Webster, 2004). Their effect is more prominent
during the local winter of a hemisphere (Peixoto and Oort, 1992). It is also a rather
significant feature of the eddy energy transport that the contribution of stationary
eddies (third curly bracket RHS in Eq. 2.18) is considerably smaller than the con-
tribution of transient eddies (second curly bracket RHS in Eq. 2.18; Peixoto and
Oort (1992)). Eddies transport sensible and latent heat poleward in the lower and
middle troposphere peaking at 35° and 50° respectively. It important to note that
these fluxes are higher than the fluxes by the Ferrel cell (Oort and Peixóto, 1983;
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Hartmann, 2016). Potential energy transport by eddies is negligible, however equa-
torward transport by transient eddies at the subtropics is of interest since they can
provide energy source for tropical disturbances such as ENSO (El Niño - Southern
Oscillation) (Mak, 1969; Oort and Peixóto, 1983; HSU et al., 2009). Transport of
eddy kinetic energy is poleward between 15° and 60°, and it is equatorward in lati-
tudes higher than 60° which defines a convergence center of eddy kinetic energy. This
convergence center is located at 60° and it is associated with the zonal fluctuations
of the eddy-driven jet (Oort, 1971; Oort and Peixóto, 1983).
To sum up, it is observed that the vast majority of atmospheric energy is
transported by the mean meridional circulation and by transient eddies. The energy
transport by the mean meridional circulation is most important in lower latitudes,
where the flux by the Hadley cell is more or less equal with the total energy trans-
port. Potential energy transport is the most important energy component in case of
MMC which causes that the total energy flux by the Hadley cell is poleward even
though sensible and latent heat is transported to the equator. In midlatitude areas,
transient eddy energy flux is the predominant energy transport mode which car-
ries high amounts of sensible and latent heat towards the poles. Stationary eddies
are mainly apparent in midlatitude areas, however their contribution to meridional
energy transport is small.
2.3 Polar amplification: causes & consequences
According to the definition of the Polar Amplification Model Intercomparison Project
(PAMIP) of CMIP6 polar amplification occurs when external radiative forcing pro-
duces a larger surface temperature change at high latitudes than global average
(Smith et al., 2019). In this section the physical processes that drive this phe-
nomenon and the possible effects on global climate is discussed briefly.
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2.3.1 Theories for the cause of polar amplification
Polar amplification is a common feature of global climate model simulations for the
future which was highlighted in the 5th Assessment Report of the IPCC (Pachauri
et al., 2014). Figure 2.5 presents the average change in surface temperature based on
multi-model mean projections for 2081-2100 under RCP 2.6 and RCP 8.5 emission
scenarios. The graph reveals a clear trend of enhanced surface temperature warming
in polar areas (especially in the Northern Hemisphere) in response to anthropogenic
greenhouse gas emissions in case of both emission scenarios. Polar amplification
also appears in observations and in reanalysis products, particularly in the Arctic,
therefore, it is often referred as Arctic Amplification (Hansen et al., 2010; Screen
and Simmonds, 2010). In addition, paleoclimate simulations perturbed by CO2
also shows evidence for this phenomenon (Lee, 2014; Masson-Delmotte et al., 2013).
Polar amplification has become an increased focus of recent climate research aiming
to detect the driving factors and the possible consequences regarding the Earth
system which are still uncertain (Pithan and Mauritsen, 2014; Smith et al., 2019).
Figure 2.5: Global change in surface temperature based on multi-model mean ensembles projec-
tions for 2081-2100 relative to 1986-2005 according RCP 2.6 (left) and RCP 8.5 (right). Figure
adopted from Pachauri et al. (2014).
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Feedback mechanisms are crucially important for the process of polar ampli-
fication (Pithan and Mauritsen, 2014; Smith et al., 2019). It is widely known that
the surface albedo feedback is one of the causing mechanisms of the phenomenon,
however, its relative importance is still the topic of debate (Pithan and Mauritsen,
2014). The abovementioned theory states that the retreating highly reflective polar
ice and snow regions increase the amount of absorbed solar radiation which in turn
warms these areas. However, it was shown by climate simulations that the surface
albedo feedback alone is unable to explain polar amplification (Hall, 2004; Graversen
and Wang, 2009).
According to Pithan and Mauritsen (2014), the Planck and the lapse rate
feedbacks are particularly important. The Planck feedback states that an exter-
nal forcing is balanced by higher temperature increase at colder latitudes (poles)
than at warmer latitudes (tropics). This statement can be simply understood by
the Stefan-Boltzmann radiation law, which states that a given increase in emitted
radiation requires a larger temperature increase at colder background temperatures
(i.e. emitted radiation is proportional to the fourth power of absolute temperature
of a blackbody).
The lapse rate feedback is related to the vertical temperature profile of the
atmosphere which is negative at the tropics but positive at high latitudes. In the
tropics surface warming causes increased convective activity and therefore increased
condensation heating in the upper troposphere decreasing the environmental lapse
rate. Upper tropospheric warming relative to the lower parts induces stronger long-
wave cooling and therefore a negative feedback to surface warming (Stocker, 2011).
In polar areas, warming is restricted to the lower troposphere due to stability condi-
tions (Bintanja et al., 2012) leading to a steeper lapse rate which causes imbalance
of TOA (top of the atmosphere) radiation. This imbalance can be offset by larger
surface temperatures, meaning a positive feedback on surface warming (Pithan and
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Mauritsen, 2014). Other feedbacks, such as the cloud feedback, the water vapour
feedback can be also important for polar amplification (Smith et al., 2019).
Increased atmospheric meridional moist energy transport is also a suggested
mechanism for polar amplification, leading to energy flux convergence at the poles
resulting in polar warming (Manabe and Wetherald, 1980; Smith et al., 2019). A
general circulation-based mechanism for polar amplification was also suggested by
Lee (2014), which indicates that large-scale localized tropical heating induce pole-
ward propagating Rossby-wave trains that transport moisture and heat towards the
poles. The theory was supported by some evidence from paleoclimate proxy (Stott
et al., 2002; Visser et al., 2003; Lee, 2014) and recent trends of tropical convection
(Flournoy et al., 2016; Clark and Lee, 2019), however, further research is needed
to confirm this theory (Lee, 2014). Lastly, internal variability of the atmosphere
may have an effect on polar warming trends as well, which can be characterized
by namely the Northern Annular Mode (NAM) and the Southern Annular Mode
(SAM, Smith et al. (2019)).
2.3.2 Effects of polar amplication on climate
Polar warming has a major effect on melting of polar ice sheets, changes in oceanic
and atmospheric circulation and carbon uptake at polar oceanic regions (Smith
et al., 2019). Atmospheric circulation changes due to polar warming is an active
research area with many contradictory results. Recent observations show spatial
differences in climatic trends in polar areas, such as persistent and extreme cold
winter weather (i.e. cold spell) in Eurasia and North America. The phenomenon
is often referred as warm Arctic and cold continents pattern, which is caused by
frequent blockings situations (Liu et al., 2012; Mori et al., 2014; Smith et al., 2019).
However, these trends can be caused by the internal variability of the atmosphere.
Therefore, numerical model experiments are crucially important for detecting the
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relationship between polar amplification and changes in the climate system (Smith
et al., 2017, 2019).
From the aspect of general circulation, it is known that the meridional temper-
ature gradient decreases with the degree of polar amplification in the lower/middle
troposphere. This could potentially cause weakening of midlatitude storm tracks
and negative tendency in NAO (Smith et al., 2019). However, according to simula-
tions by Smith et al. (2017) the storm track response is highly dependent on the local
background state of the atmosphere. It is also hypothesized that polar warming can
moisten the atmosphere leading to increased release of latent heat and therefore pre-
cipitation increase in polar areas (Singarayer et al., 2006). The jet stream response
to polar amplification is also controversial, however, some authors agree that the
dwindling low-level Equator-to-Pole temperature gradient fosters the oscillation of
the polar jet stream resulting increasing number of blocking situations (Meleshko
et al., 2016; Smith et al., 2019). In terms of oceanic circulation, there is evidence
that polar amplification causes weakening of Atlantic Meridional Overturning Cir-
culation (AMOC) which decreases the meridional oceanic heat transport (Sévellec
et al., 2017) and gives rise to growing number of winter storms (Jackson et al., 2015).
In addition, the unequal rate of warming between the two hemispheres can possibly
shift the ITCZ northward which affects tropical storm activity and rainfall rate in
the Sahel region (Smith et al., 2017, 2019).
3. Methods
3.1 OpenIFS
Numerical model simulations were carried out using OpenIFS which is a global nu-
merical weather prediction model developed by the European Centre for Medium-
Range Weather Forecasts (ECMWF). OpenIFS is available for research and aca-
demic institutions under license from 2013, and it provides a similar capacity for
forecasting as IFS (Integrated Forecast System), however, it does not include a data
assimilation system. The dynamical core, the physical parameterisation schemes,
the land surface model and the ocean wave model are the same as in full IFS. With-
out data assimilation scheme, OpenIFS can be only used with externally generated
initial conditions. OpenIFS has been used as a training tool in academic teaching
(Szépszó et al., 2019). Moreover, it has been applied for several research topics
including understanding the evolution of high impact cyclones (e.g. Laurila et al.
(2020), Rantanen et al. (2020)) and climate change projections under idealised set-
ups (e.g. Sinclair et al. (2020)). Details of the model can be found in the official site
(OpenIFS Documentation, n.d.). For this research Cy43r3 version of the model was
used which was operational at ECMWF from July 2017 to June 2018 (IFS Cycle 43
r3, n.d.).
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3.2 Experimental setup and data
The model was configured as an aqua planet with prescribed SST (sea surface tem-
perature) distributions. In aqua planet models the entire surface is covered by an
ocean, therefore they do not include orography. The prescribed SST fields were held
constant throughout the simulations. Two simulations were carried out: a control
simulation (CTRL) and a polar amplification experiment (PA). Both simulations
were run at a resolution of T255 and with 60 model levels. The grid spacing was
0.703° (equivalent to 78 km). The model top level was located at 10 hPa. Each of
the simulations were run for 11 years. The first year of each simulation was excluded
from the analysis in order to guarantee that the model reached equilibrium. Accord-
ing to Sinclair et al. (2020) the model reaches a balanced state within a year under
a similar configuration. Therefore, omitting the first-year output data ensures that
the analysis covers only steady-state conditions. For the data analysis, 5 years of
output data has been processed (i.e. from simulation year 2 to 6). In addition, both
experiments were run with a diurnal cycle of incoming solar radiation. Seasonal
cycle was not incorporated into the simulations. Instead, the incoming solar radia-
tion was fixed at equinoctial value resulting in a symmetric distribution about the
equator. Sea ice simulations and ocean dynamics were also not incorporated into
the numerical model experiments. In the following, details of the two experiments
are presented.
3.2.1 Control (CTRL) simulation
The CTRL simulation was forced by a zonally uniform SST field which was pro-
posed by Neale and Hoskins (2000). This SST field follows the QObs distribution
(for details see Neale and Hoskins (2000)) which is a good representative of SST
observations. The pattern is symmetric about the equator where it shows a peak
with 27°C. Poleward of 60°, the SST is set to 0°C. Between the equator and 60° there
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Figure 3.1: Zonal mean SST pattern of the control (CTRL) simulation (blue curve) and the polar
amplification (PA) simulation (red curve). The equations describing the SST distribution can be
found in Appendix B.
is gradual decrease in the SST. The CTRL SST distribution is revealed by Fig. 3.1
(blue curve). The atmospheric state was initialized from a randomly selected re-
analysis (provided by ECMWF). At first, the re-analysis was modified by changing
the surface mask to ocean cover and setting the geopotential to zero everywhere at
the surface. Finally, the atmospheric fields were interpolated to the new flat surface
in those regions where topography was removed. Note that the set-up for the CTRL
simulation is identical as in Sinclair et al. (2020).
3.2.2 Polar amplification (PA) simulation
In the polar amplification experiment the ocean surface became warmer almost
everywhere (Fig. 3.1, red curve). Polar areas (60-90°) were warmed uniformly
by 5°C. Temperature increase in midlatitudes and in the subtropics were smaller,
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for example at 40° the temperature increase was 3.33°C. In this experiment the
average global temperature increase is 3.1°C with 5°C polar amplification which
resembles mostly with CMIP5 multi-model surface temperature outputs between
2081-2100 under RCP 6.0 emission scenario according to Collins et al. (2013). The
SST gradient has also changed: overall, the SST gradient decreased in every latitude
and the maximum SST gradient moved 0.7° equatorward. In other terms, the PA
simulation is identical to the CTRL experiment. Note also that the mathematical
development of the SST distributions can be found in Appendix B.
3.2.3 Data analysis
Output fields from the model were saved every six hours containing data on a 512
× 256 grid on 25 pressure levels. For the analysis, atmospheric variables of air
temperature, specific humidity, zonal wind, meridional wind and geopotential height
was used. As it was mentioned earlier, the analysis covered 5 years of simulation
data from the CTRL and from the PA experiment. The data analysis followed the
subsequent procedure:
1. Calculating zonal climatology of atmospheric variables:
• Create zonal and time mean fields of temperature, zonal wind, meridional
wind, specific humidity and geopotential height by applying Eq. 2.2 and
Eq. 2.4
• Generate fields of zonal and time mean mass stream function from the
zonal and time mean meridional wind field by applying Eq. 2.10
2. Decomposing atmospheric circulation into 3 components following the work of
Oort and Peixóto (1983):
• Gain meteorological fields of mean meridional circulation, stationary ed-
dies and transient eddies
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• By using Eq. 2.6 for individual variables and Eq. 2.9 for the product of
two variables (e.g. temperature and meridional wind)
• The time averaging period in Eq. 2.6 and Eq. 2.9 was set to 1 month
• 1 month is an appropriate choice, since it is approximately the upper
limit for the timescale of transient eddies
3. Obtaining meridional energy transport in different forms of energy:
• Potential energy (Eq. 2.14), sensible heat/atmospheric enthalpy (Eq.
2.17), latent heat (Eq. 2.15) and kinetic energy (Eq. 2.16) transport was
calculated by combining the energy equations with the meridional (v)
wind
• The energy transport was decomposed into the 3 circulation components
(see the highlighted term from the integral in Eq. 2.18)
• Finally, the meridional energy transport was vertically integrated and
calculated for a latitude circle by using Eq. 2.18
4. Results
This chapter focuses on the response of atmospheric general circulation to polar
amplification on an aqua planet based on the numerical model experiments described
in section 3.2 and attempts to address the aims of this paper written at the end of
Chapter 1.
4.1 Observed mean state of the atmosphere and
changes by polar amplification
This section addresses aim 1 "to quantify how the zonal and time mean temperature,
zonal wind, meridional wind, specific humidity and mass stream function reacts to
polar amplification on an aqua planet". Note, that time mean here equals with
5-year average.
4.1.1 Zonal mean temperature response
The vertical cross section of the zonal and time mean temperature field of the
CTRL simulation (Fig. 4.1) resembles long-term atmospheric observations shown
in Fig. 2.1, however, the temperature field is more symmetric about the equator
on an aqua planet due to the absence of continents. The temperature response of
polar warming is revealed by Fig. 4.2. which shows the temperature difference
between the PA and CTRL simulations. Based on Fig. 4.2 we detected intense
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Figure 4.1: Vertical cross-section of the zonal and time mean temperature (°C) of the CTRL
aqua planet simulation.
warming of the troposphere over midlatitude and polar areas especially in lower and
middle levels (i.e. between 1000 and 700 hPa). The magnitude of lower tropospheric
warming exceeds 4.5°C in high latitudes (i.e. 60-90°). Moderate warming (0.5-2°C)
is present in the lower troposphere of subtropical areas. Equatorial areas show
cooling throughout the whole troposphere and the magnitude of cooling increases
with elevation. In the stratosphere, the temperature response is reversed, since there
is warming over tropical regions and cooling in higher latitudes. Table 4.1 shows
the mean changes of meridional temperature difference between the equator and
60° in various levels. It can be deduced that the meridional temperature difference
decreases in case of PA experiment in the troposphere. We also observed that the
temperature difference between 0 and 60° is the strongest in the mid-troposphere.
Although it is not the central part of this thesis, we note that in the stratosphere we
observed slight increase in meridional temperature difference. We also analysed the
vertical and zonal mean day-to-day variability of the temperature (revealed by Fig.
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Figure 4.2: Vertical cross-section of the difference in zonal and time mean temperature (°C)
between PA and CTRL aqua planet simulations.
10.1 of Appendix C) which also decreases sharply by polar warming in all latitudes,
especially in midlatitude areas (up to -28%), which could induce reduction in heat
transport by transient eddies.
Table 4.1: Average temperature difference between 0° and 60° (regarding both hemispheres) in
various pressure levels in the CTRL and in the PA experiment.
CTRL experiment PA experiment
850 hPa 26.25°C 21.15°C
500 hPa 29°C 25.5°C
250 hPa 17.5°C 16.5°C
25 hPa 1.3°C 2.5°C
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Figure 4.3: Vertical cross-section of the zonal and time mean u-wind (m s−1) of the CTRL aqua
planet simulation.
4.1.2 Zonal mean zonal wind response
The zonal and time mean zonal wind field of the CTRL aqua planet simulation is
shown by Fig. 4.3. The zonal wind pattern is similar to long-term observations
(Fig. 2.2). On the aqua planet there are surface easterlies in the tropics and surface
westerlies in midlatitude areas. In addition, the wind maxima are found in the
region of the subtropical jet stream in 35° at 200 hPa. The main difference is
in the magnitude of the subtropical jet stream which is 10-15 m s−1 higher on
the aqua planet. By polar amplification the strength of the subtropical jet stream
reduces substantially (by approximately 10 m s−1) which can be explained partly
by the reduction of the lower-tropospheric meridional temperature gradient (i.e.
thermal wind law, Eq. 2.1) and partly by conservation of angular momentum (for
details see Section 4.1.3). It is also observed that the core of the subtropical jet
stream shifts 2-2.5 degrees equatorward. The differences between the PA and CTRL
simulation is presented by Fig. 4.4 which also shows that surface winds reduce on
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Figure 4.4: Vertical cross-section of the difference in zonal and time mean u-wind (m s−1)
between PA and CTRL aqua planet simulations.
the whole planet including easterly zonal winds, which get less negative and this
change is visualised as positive difference on Fig. 4.4. Regarding the stratosphere
wind velocities increase in high latitudes which is a result of the increased meridional
temperature gradient revealed by Table 4.1. The vertical and zonal mean day-to-
day variability of zonal wind (Figure 10.2 of Appendix C) shows a similar pattern as
the temperature variability (Fig. 10.1) which possibly causes reduced eddy kinetic
energy content.
4.1.3 Response of the mean meridional circulation
As it was presented in Section 2.1.3, the mean meridional circulation can be de-
scribed by the mass stream function which gives the northward mass transport
above a specific pressure level. The stream function of the CTRL and the PA aqua
planet simulation is shown by Fig. 4.5. On the aqua planet the Hadley and the
Ferrel cells are clearly distinguishable which are more or less symmetric about the
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Figure 4.5: Vertical cross-section of the zonal mean mass stream function expressed in kg s−1.
Panel a) shows the results of the CTRL aqua planet simulation and panel b) shows the results
of the PA aqua planet simulation. The red boxes are intended to help in identifying the major
changes in between the two simulations.
equator. The mass transport of the polar cell is very small and does not appear on
the figure. The outcome of the PA simulation reveals that major changes occur in
the Hadley cell: mass transport at the equator weakens by 25-30%, the location of
maximum transport also weakens (up to -20%) and it shifts 2 degrees poleward. The
weakening of the Hadley cell may decrease northward angular momentum transport
which in turn weakens the subtropical jet stream. The poleward shift of the maxi-
mum transport of the Hadley cell relocates the rising branch of the cell. This causes
inter alia less intense lifting of air at the equator, thereby decreasing the atmospheric
moisture content in equatorial areas (shown in Section 4.1.4). Furthermore, by po-
lar amplification the Ferrel circulation also reduces approximately by 10% and the
location of the maximum transport also shifts 2 degrees poleward. The slowdown of
the mean meridional circulation observed in PA simulation induces decreased energy
transport by this transport mode.
The mean meridional circulation can be further described by the zonal mean
meridional component of the wind (i.e. v-wind) which is represented by Fig. 11.1
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of Appendix D, which presents the outcomes of the CTRL simulation showing the
Hadley cell and the Ferrel cell. By polar amplification (Fig. 11.2) a slowdown
of the mean meridional wind can be deduced both in the lower and in the upper
troposphere in all regimes, which is consistent with the results of the zonal mean
mass stream function.
4.1.4 Response of atmospheric specific humidity
Figure 4.6: Vertical cross-section of the zonal and time mean specific humidity (kg kg−1) of the
CTRL aqua planet simulation.
The specific humidity of the atmosphere of the CTRL aqua planet simulation
is shown by Fig. 4.6. It can be seen from the figure that equatorial areas have
the largest moisture content, since they are warmer than areas of higher latitudes.
The figure also shows a secondary maximum in the middle troposphere in midlat-
itude areas which is caused by baroclinic eddies. It can be also noticed that the
atmospheric moisture content gradually decreases towards the poles. The changes
in specific humidity between the PA and CTRL simulation is shown by Fig. 4.7.
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Figure 4.7: Difference in zonal and time mean specific humidity (kg kg−1) between PA and
CTRL aqua planet simulations.
By polar warming, the moisture content of the atmosphere decreases in equatorial
areas (between -7 and 7°) and increases in higher latitudes. The largest increase is
observed between 30 and 60° in the lower parts of the troposphere (approximately
35% increase between 1000 and 500 hPa). The sharp increase in moisture content
of the atmosphere can be explained by atmospheric warming (i.e. a warmer at-
mosphere can hold more moisture according to the Clausius-Clapeyron equation).
In equatorial areas the largest reduction occurs between 850 and 800 hPa. There
is also a significant increase in specific humidity at the same level between 10 and
18°. These modifications are explained by the changes occurring in the Hadley cell
(shown in the previous section) in which the peak region of the mass transport is
shifted 2 degrees poleward by polar amplification. The shifted rising branch of the
Hadley cell, which is responsible for moistening middle and upper levels causes lower
moisture content in equatorial areas and larger moisture content a few degrees pole-
ward in the middle troposphere. Regarding the meridional moisture gradient at 900
hPa, we observed that it decreases by approximately 10% between 0° and 90° N/S.
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However, we also noticed that the decrease is strongest between 0° and 50°, and it
is minor between 50° and 90°. The decreased meridional moisture gradient entails
decreased meridional moisture flux.
4.2 Meridional energy transport
This section focuses on aim 2 "to inspect how atmospheric meridional energy trans-
port reacts to polar amplification on an aqua planet by i) quantifying the zonal and
time mean vertical integrals of meridional energy transport of total atmospheric
energy, sensible heat, latent energy, potential energy and kinetic energy and by
ii) quantifying the contribution of mean meridional circulation, transient eddies
and stationary eddies to zonal and time mean vertical integrals of meridional to-
tal atmospheric energy transport, sensible heat transport, latent energy transport,
potential energy transport and kinetic energy transport". Firstly, changes of the
total meridional energy transport are presented which is followed by discussing the
changes of the different energy forms (i.e. energy forms presented earlier in Section
2.2.1).
4.2.1 Transport of total atmospheric energy
Vertically integrated meridional total energy transport (i.e. including all energy
forms) by the CTRL and the PA simulation is shown by Fig. 4.8. The vertically
integrated meridional total energy transport of the CTRL simulation (i.e. with-
out decomposing the atmospheric circulation, solid black line) is symmetric about
the equator and has a primary peak in the region of the Hadley cell and a sec-
ondary peak in the region of midlatitude eddies. These results are comparable with
ERA-Interim re-analysis products between 1989 and 2009 (Mayer and Haimberger,
2012). However, in our CTRL aqua planet simulation there is positive difference in
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Figure 4.8: Vertically integrated zonal and time mean meridional total atmospheric energy trans-
port composed of flux of sensible heat, latent heat, potential energy and kinetic energy of the CTRL
(solid line) and of the PA simulation (dashed line). Positive values mean northward energy trans-
port. Panel a) includes meridional total energy transport composed of the summed transport of
mean meridional circulation, transient eddies and stationary eddies in PW (1015kg m2 s−3). Panel
b) shows the meridional total energy transport by the mean meridional circulation (blue line)
and by transient eddies (red line) in PW (1015kg m2 s−3). Panel c) gives information about the
meridional total energy transport by stationary eddies in TW (1012kg m2 s−3).
maximum total meridional atmospheric energy transport (+81%) throughout both
hemispheres, and the primary peak in tropical areas does not appear in the re-
analysis.
It can be deduced, that vertically integrated meridional total atmospheric en-
ergy transport decreases by polar amplification nearly by 15% in 11°N and 21% in
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47° on average. Decrease in polar regions is negligible. The changes by MMC and
transient eddies are revealed by panel b) of Fig. 4.8. In case of the MMC, the
meridional energy flux decreases by polar warming: the Hadley cell transports less
energy poleward and the Ferrel cell shows also reduced equatorward energy trans-
port. In case of midlatitude transient eddies, it can be noticed that they transport
less energy poleward (-23%), which is partly offset by the meridional energy flux
changes in the Ferrel cell. We also observed that the maximum of transient eddy
meridional energy flux shifts 0.75° poleward. However, this shift equals only one grid
cell of the model, which questions the significancy of this result. It is also impor-
tant to mention that meridional total energy transport by the MMC and transient
eddies are of similar scales. Vertically integrated stationary eddy meridional total
energy flux is also visualised on panel c) of Fig. 4.8 whose strength is three orders
of magnitude smaller than MMC and transient eddies. In addition, the stationary
eddy signal appears to be noisy and it does not show any significant reaction to the
PA simulation, therefore the further analysis of stationary eddies is omitted, and we
declare that they are not present on an aqua planet on monthly time scale.
4.2.2 Transport of sensible heat
Vertically integrated meridional sensible heat or atmospheric enthalpy transport in
the aqua planet simulations is presented by Fig. 4.9. The vertically integrated merid-




) in the CTRL simulation
(black curve) is equatorward in tropical areas (effect of Hadley circulation) and it
is poleward in higher latitudes (effect of midlatitude eddies). Vertically integrated
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total heat transport in tropical areas (i.e. the total transport corresponds to the
transport by the Hadley cell in the tropics). In midlatitude areas poleward sensible




) exceeds the poleward heat transport
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Figure 4.9: Vertically integrated zonal and time mean meridional sensible heat transport of the
CTRL (solid line) and of the PA simulation (dashed line) in PW (1015kg m2 s−3). Positive values
mean northward energy transport. Panel a) gives information about the meridional total sensible
heat transport by all transport modes (black line), the meridional sensible heat transport by the
mean meridional circulation (blue line), the meridional sensible heat transport by transient eddies
(red line) and the meridional sensible heat transport by stationary eddies (purple line). Panel b)
shows only the meridional sensible heat transport by transient eddies.
of the Ferrel cell. The effect of stationary eddies is negligible. It is important to
note that these results are highly consistent (in magnitude and in the direction of
heat transport) with observations (Fig. 13.6 from Peixoto and Oort (1992)).
The polar amplification experiment indicates reduced meridional sensible heat
transport both by MMC and by transient eddies. The average reduction is nearly
23% in case of the Hadley cell, 36% in case of the Ferrel cell and 26% in case of
transient eddies. The reduction in vertically integrated sensible heat transport is
consistent with the observed slowdown of the mean meridional circulation (Section
4.1.3), and the decrease of the lower tropospheric meridional temperature gradient
(Section 4.1.1). Moreover, the reduction of the meridonal transient eddy sensible
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heat flux is also in agreement with the reduced standard deviation of time mean
temperature (Fig. 10.1).
4.2.3 Transport of latent heat
Atmospheric meridional latent energy transport in the CTRL aqua planet simulation
is concentrated in the lower parts of troposphere (i.e. similar to normal atmospheric
conditions) and the vertically integrated meridional fluxes are displayed by Fig. 4.10
(solid curves). Vertically integrated meridional total latent energy transport of the
Figure 4.10: Vertically integrated zonal and time mean meridional latent heat transport of the
CTRL (continuous line) and of the PA simulation (dashed line). Positive values mean northward
energy transport. Panel a) gives information about the meridional total latent heat transport by
all transport modes (black line). Panel b) shows only the meridional latent heat transport by
transient eddies. Panel c) gives information about the meridional latent heat transport by the
MMC. The unit of energy transport is PW (1015kg m2 s−3).
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CTRL simulation (L [ vq ]; black solid curve) is equatorward in the tropics (effect
of Hadley cell) and it is poleward in higher latitudes (combined effect of the Ferrel
cell and transient eddies). Vertically integrated meridional latent heat transport by
the MMC (L [v̄] [q̄]; blue solid curve) is exceptionally strong in the Hadley cell due
to large moisture availability. In case of the Ferrel cell the meridional latent energy





; red solid curve) the vertically integrated meridional latent heat transport
peaks in 34° and it decreases gradually towards the poles. Stationary eddies are
negligible in this case as well. The above mentioned results of the CTRL simulation
are consistent with observations made by (Oort and Peixóto, 1983) including inter
alia the the location of peak meridional latent energy transport by the MMC and
transient eddies.
The changes in vertically integrated meridional latent heat flux in the PA sim-
ulation is given by the dashed curves of Fig. 4.10. By polar amplification, our
experiments show large reduction in vertically integrated meridional latent energy
transport in the Hadley cell (up to 27%), whereas the Ferrel cell does show more
moderate reduction (nearly 14%). Additionally, in case of the Hadley cell the max-
imum of meridional latent energy transport moves 1.4° poleward. The changes in
the Hadley cell are consistent with the previously observed slowdown and poleward
shift of the mean meridional mass transport (Section 4.1.3). Even though midlat-
itude and polar atmosphere contains more moisture caused by polar warming, the
vertically integrated meridional total latent energy transport does not increase in
these areas remarkably, in fact transient eddy meridional latent heat flux slightly
decreases between 23 and 51°. In latitudes higher than 51° there is slight positive
change in meridional latent energy transport by transient eddies which peaks at 61°
with a change of +0.065 PW (+28%). We note that this result is consistent with
the changes of meridional moisture gradient described in Section 4.1.4.
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Overall, we came to the conclusion that higher moisture availability in higher
latitudes and the slight change of meridional moisture gradient 50-90° counteracts
the effect of slowdown of atmospheric circulation due to polar amplification, however,
this counter-effect is not enough to substantially increase the atmospheric meridional
total energy flux.
4.2.4 Transport of potential energy
Vertically integrated meridional potential energy transport in the CTRL aqua planet
simulation can be followed by the solid curves of Fig. 4.11. As it was expected, most





; blue continuous curve) which is towards the poles in the region of the
Hadley cell and it is equatorward within the Ferrel cell. In the Hadley cell the
meridional potential energy transport (24.3 PW) exceeds the magnitude of the sum
of latent and sensible heat transport (-14.8 PW), which causes overall poleward
Figure 4.11: Vertically integrated zonal and time mean meridional potential energy transport
of the CTRL (continuous line) and of the PA simulation (dashed line). Positive values mean
northward energy transport. Panel a) shows the meridional potential energy transport by the
mean meridional circulation. Panel b) gives information about the meridional potential energy
transport by transient eddies. All values are expressed in PW (1015kg m2 s−3).
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energy transport (consistent with long-term observations described in Section 2.2.2).
In the Ferrel cell, the magnitude of vertically integrated meridional potential energy
transport is much less than in the Hadley cell. The vertically integrated potential




; red continuous curve in Fig. 4.11) is two
orders of magnitude smaller than the MMC peaking in 33° and the direction of
energy transport is towards the equator. This is also reasonably consistent with
observations (i.e. Fig.13.7b from Peixoto and Oort (1992)).
The polar amplification simulation (dashed lines in Fig. 4.11) shows decreased
potential energy transport by the MMC, especially in the Hadley cell, where the
decrease is approximately 20.5%. Moreover, we observed poleward shift of the max-
imum poleward potential energy transport of the Hadley circulation (approximately
1.4°). The flux by transient eddies in the PA simulation (dashed red curve) is not
symmetric about the equator and the change is not evident due to the noisiness of
the signal. Overall, the meridional potential energy flux decreases by polar warming.
4.2.5 Transport of kinetic energy
Vertically integrated meridional kinetic energy transport of the aqua planet simula-
tions can be followed by Fig. 4.12. Here, we turn a special focus on the convergence
of mean kinetic energy in the subtropics, since it is an indicator of the strength
of the subtropical jet stream (Section 2.2.2). First, we deal with the results of







; solid black curve in Fig. 4.12) including all of the energy transport
modes determines one convergence centre of kinetic energy at 26° which is associ-
ated with the subtropical jet stream. The meridional kinetic energy transport of
the mean meridional circulation (12 [v̄] ([ū
2] + [v̄2]); solid blue curve in Fig. 4.12),
contributes most to meridional kinetic energy flux. The MMC transports kinetic
energy poleward between 12 and 26° and equatorward between 26° and 50°, and
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Figure 4.12: Vertically integrated zonal and time mean meridional kinetic energy transport of the
CTRL (solid line) and of the PA simulation (dashed line) in TW (1012kg m2 s−3). Positive values
mean northward energy transport. Panel a) gives information about the meridional total kinetic
energy transport by all transport modes (black line), the meridional kinetic energy transport by the
mean meridional circulation (blue line) and the meridional kinetic energy transport by transient
eddies (red line). Panel b) represents meridional kinetic energy flux by the mean meridional
circulation. Panel c) shows the meridional transient eddy kinetic energy flux.
this causes convergence of vertically integrated kinetic energy at the location of the
subtropical jet stream. Vertically integrated meridional kinetic energy transport by
transient eddies (12
[
v′ (u′2 + v′2)
]
;solid red curve in Fig. 4.12) slightly differs from
equatorial symmetry and it has also a well-defined convergence center at 31°, which
can be associated with the eddy-driven jet. The meridional kinetic energy transport
in the CTRL simulation differs from observations in two senses:
• the transient eddy component is lower than the MMC component in the CTRL
simulation, however observations show that the transient eddy component
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ought to exceed the MMC component (Oort and Peixóto, 1983);
• there should be a convergence center of transient eddy kinetic energy at 55°
(Oort and Peixóto, 1983), more poleward compared to our simulations (i.e.
31°).
The polar amplification simulation (dashed curves on Fig. 4.12) shows reduced
total and mean meridional kinetic energy transport leading to lessening convergence
of kinetic energy at 26° which is consistent with the weakening of the subtropical
jet stream described in Section 4.1.2. The transport by transient eddies shows some
modifications which are ambiguous (red dashed curve in Fig. 4.12). We observed
equatorward shift of the convergence center of vertically integrated transient eddy
meridional kinetic energy transport at 31°, which can indicate equatorward shift of
the eddy-driven jet. Changes of kinetic energy flux by transient eddies in midlati-
tude and polar areas is contradictory. The results indicate increase of transient eddy
poleward kinetic energy transport even though we observed decreased transient eddy
kinetic energy content and previous results suggest weakened transient eddies. How-
ever, explaining these caveats is not part of this thesis and we recommend further
research concentrating on this specific problem.
Rgearding the kinetic energy content of the atmosphere, we noticed that it
occurs mainly in the upper troposphere. The mean component of kinetic energy
(12 ([ū
2] + [v̄2]); Fig. 12.1 in Appendix E) is concentrated at the location of the





; Fig. 13.1 in Appendix F) can be found in the upper
troposphere (between 200 and 300 hPa) in 35-50°. By polar amplification the kinetic
energy content of the atmosphere decreases notably, the maximum reduction of the
mean component (Appendix E, Fig. 12.2) is more than 30% and the maximum
reduction of the transient eddy component (Appendix F, Fig. 13.2) reaches 27%.
5. Discussion
In this chapter we interpret and compare our results (presented in Chapter 4) with
similar studies.
5.1 Observed mean state of the atmosphere
Previously, it was described how the zonal mean temperature, horizontal wind, spe-
cific humidity and mass stream function reacted to polar amplification on an aqua
planet (Section 4.1). Comparing the temperature response to ensemble CMIP5
GCM projections for the end of the 21st century under the RCP 8.5 emission sce-
nario, we can deduce some similarities with our findings. In general, CMIP5 GCM
future projections predict enhanced warming in the tropics in the higher troposphere
and they also show surface polar amplification which extends to the mid-troposphere
(Vallis et al., 2015; Feldl et al., 2017; Yuval and Kaspi, 2020). Our PA simulation
forced by SST also shows increased lower and middle tropospheric warming in higher
latitudes, but the tropical upper tropospheric warming does not appear, in fact we
detected slight cooling in the equatorial tropospheric column. In addition, we also
observed reduced meridional temperature gradient throughout the troposphere.
An early, but rather important global warming model study by Manabe and
Wetherald (1980) showed intense polar amplification under 2×CO2 (600 ppm CO2)
and 4 ×CO2 (1200 ppm CO2) experiments. In this study, they performed idealized
GCM simulations without seasonal cycle of insolation, with idealized geography free
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of mountains and with a snow cover scheme. In the 2 ×CO2 experiment they found
that polar amplification extends to the lower and middle troposphere and towards
midlatitude areas as well, similar to the results presented in this thesis. They also
found reduced meridional temperature gradient in the lower troposphere.
In our PA simulation the subtropical jet stream showed reduced strength as
a response to decreased low-level meridional temperature gradient and reduced in-
tensity of the Hadley cell. The reduced convergence of mean kinetic energy at 26°
is also consistent with the weakening of the subtropical jet stream. Similar zonal
wind response appears also in the results of Manabe and Wetherald (1980) and in
Yuval and Kaspi (2020). The latter study utilized idealized GCM simulations with a
Newtonian cooling scheme to produce desired zonal mean temperature distributions.
This scheme allowed the authors to investigate how different spatial structures of
temperature modify atmospheric circulation. Inter alia, they investigated different
temperature patterns of polar amplification and they also found reduced zonal winds
at the location of the subtropical jet stream.
In the experiments presented here, atmospheric moisture content increased
almost everywhere. This is in agreement with simulations presented by Manabe
and Wetherald (1980) and Feldl et al. (2017). The latter study used the GFDL
AM2.1 GCM in its aqua planet configuration with seasonally varying insolation
under quadrupling of CO2 including prescribed ice albedo values which enabled
them to generate polar amplification with different strength. In addition, Held
and Soden (2006) found also enhanced atmospheric moisture content using climate
change experiments designed for IPCC 4th Assessment Report.
Regarding the mean meridional circulation response in our experiments, we can
declare that it has weakened in the Hadley cell and in the Ferrel cell. In addition, the
maximum mass transport in the Hadley cell shifted 2 degrees poleward based on the
response of zonal mean stream function. Comprehensive GCM model experiments
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of CMIP5 simulating future climate agree on that the Hadley cell weakens and
expands poleward in response to tropospheric warming caused by radiative forcing
(Vallis et al., 2015; Hu et al., 2018). The projected weakening of the MMC can
be interpreted by thermodynamic processes according to Held and Soden (2006)
and Vallis et al. (2015). Based on the work of Held and Soden (2006), global
precipitation does increase with warming, but not as steeply as atmospheric moisture
content. This in turn suggests that the exchange of mass between the boundary layer
and the mid-troposphere may decrease. This could reduce atmospheric circulation,
particularly in the tropics where the role of vertical moisture transport by Cumulus
convection is enhanced (Held and Soden, 2006). This mechanism can be supported
by our aqua planet experiments, since we found increase of atmospheric moisture
content poleward of 11°, and 20% reduction of the maximum mass transport in
the Hadley cell. Other theoretical explanations for the weakening of the Hadley
cell due to global warming include the effect of subtropical static stability and eddy
momentum flux divergence (Vallis et al., 2015) which are not discussed in this thesis.
In addition, Levine and Schneider (2011) investigated the response of the
Hadley circulation to future warming/cooling in an idealized GCM in its aqua planet
configuration coupled to a simple representation of ocean heat transport. Likewise
in this thesis, they used the zonal mean mass stream function to describe the mean
meridional circulation which makes our results more comparable. They found that
as climate warms the Hadley cell weakens which is consistent with our findings. In
their paper they also investigated the location of the subtropical jet stream, and
they found that it moves 0.26°/K poleward relative to global surface temperature
increase. In our experiments, the subtropical jet stream shifted 2-2.5 degrees equa-
torward, which is not consistent with their results. However, we note that the
location of the maximum SST gradient in the PA experiment moved 0.7 degrees
equatorward which may explain the equatorward shift of the subtropical jet stream.
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5.2 Meridional energy transport
5.2.1 Total meridional energy transport
We observed markedly reduced atmospheric poleward energy transport due to polar
amplification, however, the reduction was not the same for different forms of energy
(Section 2.2.1) and for different modes of energy transport (Section 2.2.2). Overall,
the vertically integrated zonal mean poleward total energy transport decreased in
all regions. The highest decrease occurred in the region of the Hadley cell (-18%)
and in the region of midlatitude baroclinic eddies (-24%). Moreover, we have also
seen that the dry static energy transport (i.e. the sum of sensible heat and potential
energy transport) decreased across the globe. The total latent energy transport also
showed reduction between 0 and 51° and no remarkable change was found further
poleward.
Caballero and Langen (2005) also analysed the changes of meridional energy
transport by polar amplification through a set of idealized aqua planet model sim-
ulations by an atmospheric model of NCAR (namely, PCCM3). Their aim was to
investigate the relationship between poleward energy transport, global mean surface
temperature (Tm) and meridional temperature gradient at the surface (∆T ). Their
model configuration was slightly different than ours, since it allowed the SST to be
below 0°C and the model included a sea ice scheme. They calculated the meridional
energy transport in a different way compared to our method: they derived the energy
flux indirectly by calculating the difference between time mean vertically integrated
energy flux at model top and at surface. They found that extratropical peak merid-
ional atmospheric energy transport increases with Tm and with ∆T . Their results
(represented by Fig. 5.1) are highly comparable to our findings. Our CTRL ex-
periment having a mean SST of 10.15°C (Tm) and a pole-to-Equator temperature
gradient of 27°C (∆T ) with peak extratropical total meridional energy transport of
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3.41 PW in 47° is fairly close to the value (around 3 PW) that could be predicted by
their findings (see Fig. 5.1). The difference based on this is only 0.3-0.4 PW. The
PA experiment (with Tm=13.27°C and ∆T=22°C) shows peak extratropical total
meridional energy transport (2.66 PW) in 49°, which is also close to the findings
(around 2.4 PW) of Caballero and Langen (2005) having a difference of only 0.2-0.3
PW.
Figure 5.1: Peak extratropical poleward transport of total energy as a function of surface merid-
ional temperature gradient (∆T ) and global mean surface temperature (Tm) acoording ot Caballero
and Langen (2005). Red segments represent our CTRL and PA aqua planet simulation discussed
in Section 3.2. The blue segments represent slab ocean simulations carried out by Caballero and
Langen (2005) (not discussed in this thesis). Figure adopted from Caballero and Langen (2005).
Research by Hwang et al. (2011) also concentrated on couplings between polar
amplification and poleward energy transport. They used 20 different CMIP3 GCM
simulations under A1B and A2 scenario to study the changes of poleward energy
transport between 2081-2100 and 2001-2020. All simulations predicted increased
lower-tropospheric moisture content with increased poleward moisture transport,
however, this was counterbalanced by the decrease of dry static energy transport,
which was the dominating energy transport form of the inter-model spread. They
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also showed that the degree of polar amplification is negatively correlated with
northward energy transport: the higher the polar amplification, the less the increase
of poleward energy transport, which can be a decrease if the magnitude of polar
amplification is high.
An earlier GCM model study by Colman et al. (1994) investigating the changes
of annual mean meridional energy transport under doubling the atmospheric CO2
content had similar results compared to the previous studies. The authors used
the same approach for calculating the meridional energy transport as in this thesis
(described in Section 2.2.2). They found decreased pole-to-Equator temperature
gradient and reduced total poleward energy transport between 0 and 65°. Another
study concentrating partly on polar amplification and atmospheric meridional energy
transport on an aqua planet by Feldl et al. (2017) found that by polar amplification
the dry static energy flux decreases and latent energy flux increases. However, under
strong polar warming the relative importance of latent energy flux to total energy
transport reduces, hence the poleward energy flux decreases. Alexeev et al. (2005)
also suggests that polar amplification may weaken poleward energy transport when
equilibrium is reached even though the transport is increasing in the transient phase
of aqua planet GCM simulations.
After all, it is important to mention that some authors observed that polar
amplification increases poleward energy transport. For example, Held and Soden
(2006) came to the conclusion that meridional total energy transport increases under
global warming simulations in AR4 models (i.e. models used for the 4th Assessment
Report of the IPCC) and this increased poleward energy transport is dominantly
caused by the increased moisture transport. Moreover, O’Gorman and Schneider
(2008) simulated wide range of general circulations with an idealized moist GCM to
test how the global hydrological cycle and energy transport changes as the climate
warms or cools. According to their results, the total meridional energy transport at
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50° increases slightly with warming climate, however there is saturation when the
global mean surface air temperature reaches 300K.
5.2.2 Eddy energy transport
Regarding the response of transient eddies, our simulations showed that the total
meridional energy transport by transient eddies decreases by polar amplification,
which is mainly caused by the decreased meridional sensible heat flux. It was also
interesting to see that the meridional latent energy flux by transient eddies decreased
between 23 and 51°and did not increase further poleward. This feature is probably
due to the changed meridional moisture gradient which decreased between 0 and 50°,
and increased slightly poleward of 50°. In contrast, results of Feldl et al. (2017) show
that meridional latent heat transport increases with strengthening polar amplifica-
tion on an aqua planet. However, the surface warming in their study is different than
our experiments which may generate differences in meridional moisture gradient. In
addition, their study also showed decreased meridional total energy transport by
transient eddies, similarly to our findings. Results by Colman et al. (1994) regard-
ing transient eddy meridional energy transport response to doubling CO2 content of
the atmosphere with polar amplification is somewhat different than our findings. In
their paper they presented that there is large decrease in transient eddy poleward
energy transport between 60°S and 45°N which is dominated by changes in sensible
heat transport. In polar areas they found increased transient eddy poleward energy
flux which was caused by the increase of latent heat transport.
Results of Yuval and Kaspi (2020) who investigated the atmospheric response
to different global temperature patterns (presented earlier in Section 5.1) demon-
strates that the eddy heat flux decreases by polar amplification. They also showed
that the eddy kinetic energy (EKE) content of the atmosphere also decreases by
polar amplification when surface temperature increase is restricted to polar areas.
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This is consistent with our findings, since we also showed markedly reduced transient
eddy kinetic energy content as a response to polar amplification. In addition, Man-
abe and Wetherald (1980) also found lessening EKE in the doubling CO2 simulation
in an idealized GCM.
In the CTRL simulation, the transient eddy meridional kinetic energy trans-
port disagrees with observations. The response of the transient eddy meridional
kinetic energy to polar warming in midlatitudes and in polar areas is also conflict-
ing and we recommend further research focusing on this issue.
Furthermore, we omitted discussing the stationary eddy response to polar am-
plification, since we declared earlier that there is no mechanism that would support
generation of stationary eddies on an aqua planet. Caballero and Langen (2005)
and Feldl et al. (2017) also did not discuss stationary eddies in their aqua planet
model studies.
Lastly, we note the most relevant limitations of our experiments. We did not
include an ocean model to our simulations, thus we were not considering energy
transport by the ocean. In addition, we simulated polar amplification with only one
SST profile which also includes surface warming outside of polar areas. We also
mention that we used 1 month for the time averaging period during data analysis
and this did not resulted in a stationary eddy signal. Changing this period (for
example to 15 days) might alter our results, therefore further research is needed.
6. Conclusion
In this thesis we studied how the atmospheric general circulation adjusts to polar
amplification on an aqua planet in terms of the response of zonal mean atmospheric
state and the response of meridional energy transport. We studied the changes in
energy transport by decomposing the general circulation to the mean meridional
circulation, transient eddies, and stationary eddies. We studied polar amplification
by carrying out numerical model experiments with OpenIFS global NWP model
in its aqua planet configuration. The experiments were forced by different SST
patterns. For the data analysis, 5 years of data has been used.
We found considerable tropospheric warming in polar and midlatitude areas,
and in the subtropical lower troposphere due to polar amplification. In equatorial
areas, we found tropospheric cooling. The zonal mean zonal wind response showed
reduced intensity of the subtropical jet stream. The mean meridional circulation
showed reduced strength and the maximum transport of the Hadley cell shifted 2
degrees poleward relocating the rising branch away from the equator. The reduced
lifting in equatorial areas due to the poleward shift of the rising branch of the Hadley
cell might explain the observed tropospheric cooling in this region. The slowdown
of the mean meridional circulation and the reduced strength of the subtropical jet
stream is consistent with the decreased surface and lower-tropospheric meridional
temperature gradient. The atmospheric specific humidity content has also increased
due to polar amplification, particularly in midlatitude and in polar areas. This result
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is physically consistent, since if the atmosphere warms it can hold more moisture.
Regarding the meridional energy transport, we found that the vertically inte-
grated meridional total energy transport decreased in all latitudes. The decrease was
relatively high in the region of the Hadley cell and in the region of baroclinic eddies.
Reduced vertically integrated meridional energy transport by the mean meridional
circulation was present in case of potential energy, sensible heat, latent heat, and
kinetic energy. In case of the meridional kinetic energy transport by the mean
meridional circulation, we found reduced convergence of mean kinetic energy in 26°
which is consistent with the weakening of the subtropical jet stream. Transient ed-
dies also showed reduced poleward total energy transport which was caused by the
major decrease in meridional sensible heat transport. Unlike many other studies,
we detected that the transient eddy latent heat transport decreased between 23 and
51° and it did not increase marginally poleward of 51° despite the increased mois-
ture content of the atmosphere. The changes in meridional moisture gradient might
explain this observation. To add some more, we did not detect stationary eddies in
our simulations due to the absence of the primary forcing mechanisms.
As a final conclusion, we have seen that polar amplification causes major
changes in atmospheric general circulation on an aqua planet. Our results sug-
gest that atmospheric meridional energy transport loses strength and overall, less
energy is transported towards the poles by the atmosphere.
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8. Appendix A
Figure 8.1: Annual surface temperature changes between 1970 and 2019 based on NASA GISS
analysis showing the a) global distribution of surface temperature changes and b) the zonal mean
surface temperature changes in °C. Figure adopted from (GISTEMP Team, 2020).
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9. Appendix B
Figure 9.1: Geometric equations describing the hemispherically symmetric zonal mean SST
pattern of the CTRL and the PA simulation. The visualised equations can be followed by Fig.3.1.
Equation a) describes the SST field of the CTRL simulation with ∆T = 27°C. Equation b) gives
information about the SST field of the PA simulation with ∆T = 22°C. ∆T is equal with the
temperature difference between the equator and the pole.
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10. Appendix C





the CTRL (black line) and in the PA simulation (dashed red line) expressed in °C.
66
67





) in the CTRL (black line) and in the PA simulation (dashed red line) expressed in m s−1.
11. Appendix D
Figure 11.1: Vertical cross-section of the zonal and time mean meridional wind (m s−1) of the
CTRL aqua planet simulation.
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Figure 11.2: Vertical cross-section of the zonal and time mean meridional wind (m s−1) of the
PA aqua planet simulation.
12. Appendix E




Figure 12.2: Mean kinetic energy content of the atmosphere (J kg−1) in the PA aqua planet
simulation.
13. Appendix F




Figure 13.2: Transient eddy kinetic energy content of the atmosphere (J kg−1) in the PA aqua
planet simulation.
